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A number of transfer function measurement tests were performed on the
NRX/EST nuclear rocket test system. The purpose of these tests was (1) to
obtain quantitative information on the dynamic characteristics of the basic
system without controllers, at two specific points of the system operating
map, (2) to assess the advantages and disadvantages of three different methods
of transfer function measurement, and (3) to permit comparison of the response
of the common analysis model used for system design and prediction with
experimental results.
Each set of transfer function measurements consisted of inserting several
different types of perturbing signals into one of the two engine control
variables (either the control drum position demand or the turbine power control
valve position demand) at a Particular steady-state operating point of the
system, recording the responses of a large number of the system variables, and
then processing the recorded data with appropriate digital codes or by hand.
This report presents results of two tests in which the control drums were
perturbed by steps, sinusoids and pseudo-random signals. These two tests,
designated as EP-IAC and EP-IV, %,eye run at mean values for the core exit gas
temperature and pressure of approximately 2000 0 R, 170 psia and 4000°R, 563 psia,
respectively.
Both of these tests produced data of good quality. Transfer functions
relating reactor core material temperatures, core exit temperatures, and
core inlet temperature to reactor power were obtained. In addition, the
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transfer functions of the control drum actuators, of the reactor power with
respect to control drum position, of the feedback reactivity with respect to
power, and of several pressures with respect to pressures, an.'A of pressures
with respect to control drum position were also obtained.
The results reported }sere were obtained primarily by means of the cross-
correlation method of transfer function measurement. A comparison of sinusoidal
and step response results with the cress-correlation results was also made.
This comparison showed close agreement ,among all three methods. In addition,
the transfer functions predicted by the modified CAM-IIC cor.putcr model were
compared with the test results. The agreement between the test results and
the model predictions was generally good, although there were some significant
differences. These differences are still being evaivated, both in terms of
the accuracy and precision of the test results and in terms of the approxi-
mations made in developing the model.
From this study it was concluded that:
1. The NRX./EST engine system appears to be sufficiently linear that
its dynamic characteristics at a given operating point may be
represented accurately by means of transfer functions.
1. The transfer function of core material temperature with respect to
power was determined at a number of positions in the core. The
results were found to be substantially space independent.
3. Control drum motion appears to affect reflector flow impedance
directly, causing pressure fluctuations at frequencies above
the thermal bandwidth of the core.
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4. There are significant changes in a number of transfer functions in
going from 20 per cent power to rated power on the normal operating
line. Thus for model evaluation purposes it is necessary to
measure transfer functions at several different points on the
operating map.
c
j	 S. An efficient procedure for measuring system transfer functions in
minimal testing time ^:onsists of a combination of the step-
response method (for low frequencies) and the cross--correlation
method (for intermediate and high frequencies).
6. If test time is to be held to a minimum, then signal amplitudes
must he considerably greater than background noise levels in
the cross-correlation method. Otherwise, for good results,
. 	 longer test times are required.
7. There is satisfactory general agreement between the modified CAM-IIC
model and the test results. However, there are areas of significant
disagreement. These areas are presently under investigation both
from the standpoint of confirming the validity of the test results
and assessing the correctness
T 8. The procedure of making transfer
one of the two engine control
variable fixed has given good
the effects of the external ci
of model.
function
variables
results.
:)ntrollers
measurements by perturbing
while keeping the other
This procedure eliminates
and gives the transfer
functions of the physical plant itself including the coupling
effects; i.e., i,^sponse of pressures to drum motion and response of
,.	 -iii-
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temperatures to TPCV motion. It is recommended that the procedure
of using TPCV and control drum position control modes, as
utilized in the NRX,/EST EP-IIC and EP-IV transfer function tests,
be continued in future engine tests.
I
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I. INTRODUCTION
In Contract Year 1966 major advances were made in the measurement of the
dynamic characteristics of the NERVA system, chiefly during the NRX/EST test
series performed from December 1965 through March 1966. 0) 	system dynamic
response information obtained during the NRX/EST test series consisted of two
types, system transient responses and transfer function measurements. A
report on the NRX/EST system transient performance and comparisons with
computer model predictions, with emphasis on the nuclear subsystem behavior,
was issued earlier (2) . The present report presents transfer function results
obtained in NRX/EST tests in which an input perturbation signal was applied
to the reactivity control drum position demand during steady-state operation
in the power range. A later report will present results obtained under similar
conditions with the input perturbation signal applied to the turbine power
control valve position demand.
._
In addition to presenting the results of actual transfer function measure-
ments obtained by perturbation of the control drums, this report also presents
a comparison of these hest results with the corresponding transfer functions
predicted by the common analysis model for the NRX/EST system. From this
comparison, the accuracy of various parts of the model is exhibited and
specific areas where model improvements should be considered are pointed out.
In addition to the comparison of test results with dynamic model
predictions, the report also presents a comparison of transfer function test
results obtained by three different methods for two particular transfer functions.
-1-
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The purpose of this comparison of results from several different methods is to
assess the confidence with which the experimental results may be relied upon in
evaluating the accuracy of the models, and to assess the advantages and dis-
advantages of each method to provide guidance in selecting the most efficient
method or combination of methods of transfer function measurement for future
system tents.
The three methods of transfer function measurement used in the NRX/EST
test series were:
a. Sinusoidal oscillation of the input variable and dire-t measurement
of the gain and phase shift between the input and response
signals from analog records.
b. Excitation of the system by a step function input and Fourier
transformation of the resulting output s:.gnal.
c. Applying a pseudo-random signal to the inpu ,c variable and
computing the gain and phase of the transfer function by
dividing the cross spectral density of the input and response
signals by the autospectral density of the input signal.
The earliest measurements of transfer functions of a nuclear rocket
reactor were made during the KIWI-A test series in 1960. (3) This work was
carried out at the Los Alamos Scientific Laboratory (LASL) by J. 0. Balcomb,
under the direction of H. B. Demuth and E. P. Gyftopoulos. The method used
by Balcomb was a special application of the general cross-correlation method,
in which an input pseudo-random signal was assumed to be essentially a
"white noise" input. This assumption permitted identification of the cross-
correlation function between input and response as the impulse response of the
-2-
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system between these two points. Fourier transformation of the impulse
response into the frequency domain yielded the corresponding transfer function.
In the KIWI-B-4E-301 test series, also performed by 1ASL, a Gaussian noise
signal was inserted into the reactor temperature control loop. Off-line cross-
correlation using the "VAC" digital code, in conjunction with a digital
computer, gave measurements of the amplitude and phase of the transfer functions
under operating conditions at various power levels from low power to full
power. A report on this work by J. D. Balcomb (4) gives results for the
transfer function of temperature with respect to power for that system. As
pointed out in that report, the quality of the results were significantly
improved over that obtained in previous tests because of two factors: (1) the
use of a digital filtering or smoothing technique to improve the precision
of the data, at the expense of frequency resolution and bandwidth, and (2) the
use of special transducers and data channels whose range was limited to the
range of fluctuations about .
 the mean value of the variable.
In thQ NRX-A3 test series, a pseudo-random signal was used to excite the
turbopump speed control loop Ln the facility feedsystem while the reactor
system was being operated at rated conditions. .A number of reactor system
pressure-to-pressure transfer functions were determined from this test by
means of the cross-correlation method and compared with the corresponding
transfer functions from the existing analog computer model. The results of
this study were reported in References S and 6.
Similar experimental results from the later Phoebus-IA test by LASL
using pseudo-random inputs, were reported in Reference 7. Power-to-temperature
-3-
transfer function results obtained in that test were summarized in Reference 8,
along with an overall survey of nuclear rocket transfer function measurements
in the Rover program up to June, 1966.
From the NRX-A3 test series a considerable amount of experience was
obtained by WANT, in the proper implementation of the cross-correlation method
of transfer function measurement, with respect to test planning, data
acquisition, and data processing. This experience contributed in a major way
to the success achieved in the NRX/EST cross-correlation tests, as discussed
in this report.
Section II of this report presents a brief description of the NRX/EST
test system. In Section 111, the overall design of the transfer function
tests is discussed. The data acquisition and data processing systems used
are then described in Sections IV and V, respectively. Section VI gives a
brief summary of the computer yodel which was compared with the test data.
The control drum perturbation test results obtained during Experimental
Plan IIC (EP-IIC), at steady-state operating conditions at the core exit of
approximately 2000°R temperature and 170 psi pressure, are presented in
Section VII, along with model comparisons. The analogous results obtained in
the EP-IV test at steady-state core exit conditions of 4000°R and S63 psi are
given in Section VIII, again with pertinent model comparisons. Finally,
Section IX presents the conclusions and recommendations drawn from the study.
The Appendix gives an outline of the theory of the methods used.
-4-
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II. NRX/EST SYSTEM DESCRIPTION
As shown schematically in Figure 2-1, the NRX/EST engine system consists
basically of a nuclear reactor which heats the hydrogen propellant to high
temperatures and then discharges it through a thrust nozzle. A bleed stream
of the hot gaseous propellant at the core exit is mixed with a cooler bleed
stream from the core inlet and used to drive a turbopump assembly. This
turbopump pumps the liquid hydrogen to the test assembly from a low pressure
dewar. The liquid hydrogen flows first into a toroidal plenum at the skirt
of the thrust nozzle. Here it is distributed around the periphery of the
nozzle and then flows through a large number of nozzle cooling tubes in the
wall of the nozzle where it is vaporized. The hydrogen then flows around
and through the reflector for cooling purposes and passes through a shield a,t
the dosae end of the core. After passing through the shield, the gas enters
the core where it is heated to approximately 4000°R at rated power. At the
core exit the heated gas enters the thrust nozzle where it produces the
desired thrust. Control of the system is achieved by (a) throttling the
turbopump drive gas through the turbine power control valve (TPCV), and
(b) adjusting the angular position of the twelve reactivity control drums
located in the reflector.
Except for the bleed flow which powers the turbopump, the reactor
system is basically the same as that which was developed in the NRX test
programs.
-5-
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FIGURE 2-1
SCHEMATIC DIAGRAM FOR THE NRX/EST SYSTEM
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ill.  TEST DESIGN
'The design of the NRX/EST cross- correlation tests involved several
stages of effort over an extended period of time. These stages included
(1) specification of the data channels (including the variables to be
measured and the channel ranges), (2) selection of the operating conditions
(control modes, steady-state operating levels, and the variables to be
perturbed), (3) selection of pseudo-random signal parameters, and (4) simulation
and aralysis of the planned test on the analog computer. Because of the need
to establish a firm measurement requirements list (MRL,) well in advance of the
test, even before the development of the CAM-IIC model (9) of the NRX/EST
system, channel ranges had to be chosen to a large extent by judicious guesses.
Significant help in the ranging of pressure channels was given by the experience
obtained in the NRX-A3 full power test.
Since the NRX/EST engine is essentially a dual input system (i.e. two
variables - the control drums and the TPCV - are controlled to achieve overall
control of the engine operating level it was decided to attempt, if possible,
to hold one of these two variables fixed while perturbing the other, and vice
versa. In this way the engine system dynamic characteristics could be
determined without any influence from the external control loops, and the
transfer functions of the plant itself could be measured. Early in the
NRX/EST test series it was shown that the engine would operate in a stable
fashion with the drums and the TPCV in th! manual position control mode. As
a result this control mode was used for both the EP-IIC and the EP-IV system
response tests.
-7-
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The primary objective of the drum perturbation tests was to obtain the
transfer functions of core material and core exit gas temperatures with respect
to power. Analog computer studies showed that the important break frequencies
for these transfer functions were bracketed between 0.01 and 2.0 cps. Thus
the required pseudo -random signal had to have a spectrum which covered this
frequency band. To cover this frequency range a pseudo-random signal was
chosen which consisted of a 255-bit sequence with a clock frequency of 3.125 cps
This signal covered a useful frequency range of approximately 0.012 cps to
1.5 cps. A signal with a wider frequency spectrum could also have been chosen;
however, as the frequency spectrum of a constant amplitude pseudo-random
signal is increased, the amplitude of the spectrum at each frequency decreases,
increasing signal-to-noise problems. This point plus the successful experience
in the NRX-A3 cross-correlation test where a 127-bit sequence was successfully
used, were the key factors in leading to the choice of a pseudo -random signal
with a frequency bandwidth no larger than the minimum required to meet test
objectives.
In Section V it is shown that data processing limitations prevent
wanction of transfer function information at the fun damental frequency
component of the pseudo -random signal if a data record equivalent in length to
only two cycles of the input signal is obtained. Experience has shown that
five cycles at a minimum are required to obtain reasonably good results for
any frequency. Therefore, the lowest frequency for which good quality results
can be obtained, if two cycles of the pseudo -random signal are used, would be
2.S times the fundamental pseudo-random signal frequency or roughly 0.03 cps.
-8-
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In the application of the cross-correlation technique, just as in any other
transfer function measurement technique, there is no substitute for test time.
Analysis of the pseudo-random signal response data obtained from a
simulation of the proposed EP-IIC test using the CAM-IIC analog computer
model indicated that a drum position demand amplitude of +1.2 degrees would
provide power and temperature swings consistant both with engine safety
considerations and with the ranging of the dynamic response channels, and yet
large enough to obtain good quality transfer function data. Similarly, for
the EP-IV (full power) test, a pseudo-random signal amplitude of +0.8 degrees
was predicted to be suitable from the results of a simulated run.
I
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IV. DATA ACQUISITION SYSTEM
A. Data Acquisition System Requirements
Dynamic response data for the variables of a system are typically of
small amplitude compa-red with the steady state or DC components of the
variables. Thus, for any system variable such as pressure, power, or
temperature, the peak-to-peak swing of the response of the variable to a
perturbation signal elsewhere in the system may be of the order of 1 - 2
per cent of the steady--state value of that variable. There are ;,wo basic
reasons for using relatively low perturbation amplitudes in obtaining such
dynamic data. These are (1) large amplitudes are unacceptable because of
the possibility of exceeding operating limits on thermal stresses or other
design constraints, and (2) most systems exhibit nonlinear characteristics
when perturbed with large amplitudes, making analysis of such data more
difficult than for response data from a linear system or one perturbed with
sufficiently small amplitudes that a linearized set of equations adequately
describe the system behavior.
Because of the small amplitude of the dynamic response data, standard
data channels which are ranged for the peak total value of a variable are
inadequate. In order to obtain proper resolution, the DC or steady-state
component must first be removed from the total signal. Subsequent amplifi-
cation of the signal then permits recording the data with a high degree of
1•
r
resolution. This explains the need for separate data channels to record data 	 I
for the measurement of system transfer functions. Since the DC or steady-state
c
A
s
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component of a variable can be eliminated after the signal has been converted
to electrical form, no separate or additional transducers are required over
and above those which exist for monitoring the total value of the variable.
This of course assumes that the transducers will pass all frequencies of
interest without selective attenuation or amplification and that the transducer
inherently has the required resolution to detect the small perturbations of
the signal.
B. Data Acquisition System Description
Figure 4-1 illustrates schematically the basic data acquisition system
that was used in the NRX/EST transfer function measurements. This diagram
shows the two types of dynamic response data channels which were used (AC
coupled and zero suppressed) and their relationships to the primary data
channel that is used to measure the total value of a variable.
The AC coupled data channel accepts, as an input, the low voltage level
electrical signal from the transducer, as shown in Figure 4-1. This signal
is passed through a high pass filter which has a single order pole at a
frequency of 0.07 cps. The transfer function of this filter is
eo (s) _	 2.27s
ein(s)
This transfer function has been verified based on both design information
and test results. After signal conditioning and amplification, the data is
recorded on the FM/FM wideband tape recording system and stored on what is 	 1
0
referred to as a W1 analog tape.
-11-
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FIGURE 4-1
SC10.1ATIC DIAGRAM OF THE DYNAMIC RESPONSE DATA
CHANNELS OF NRX/FST SHOWING THE TWO TYPES OF CHANNELS
USED AND THEIR RELATIONSHIP TO THE PRIMARY CHANNEL
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An example of some typical response data from the NRX/EST EP-IIC control
drum perturbation test, recorded through the AC coupled data channels is
shown in Figure 4-2. Although some high frequency noise is evident on the
responses in these figures, this noise was filtered out during data processing,
and the quality of the results was not adversely affected. AC coupled channels
were used primarily to record variables which originated at the test cell
(Test Cell A).
The second type of dynamic response data channel which was used in the
NRX/EST tent series was the zero-suppressed data channel. This channel accepted
as an input a 10 volt (high level) signal from the primary channel as shown in
Figure 4-1.
This high level signal was passed through a zero suppression servo which
subtracts (or suppresses) the DC or steady-state component of the variable. In
most cases, these zero suppression servos also supplied a factor of 10 gain to
the suppressed signal before recording on FM wideband tape.
In the NRX/EST tests, zero-suppressed data channels were used only on data
channels which were available in the Test Cell "A" control room. The zero
suppression servos are commonly used by the test operators to observe small
variations of key variables during the running of a test. This is done by
recording the output of the zero suppression servo simultaneously on both the
tape recorder and a Sanborn strip-chart recorder. Figure 4-3 shows typical
responses of several key variables from the EP-IIC cross-correlation drum
perturbation test as recorded on the Sanborn recorder. These same signals
were recorded on the W1 tape during the EP - IIC test.
-13-
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r-STATION 8, ON AXIS CORE MODULE TEMP.
18°R
ON-AXIS TIE ROD EXIT GAS TEMPERATURE
10 SEC
6 PSI
	
,-._NOZZLE CHAMBER PRESSURE
611356-49B
FIGURE 4-2
EXAMPLE OF TYPICAL RESPONSES RECORDED ON AC
COUPLED DATA CHANNELS DURING THE PSEUDO-RANDOM
DRUM PERTURBATION TEST OF NRX/EST EP-IIC
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56 MW	 SELECTED LINEAR POWER
AVERAGE STATION 26 TEMPERATURE
44.3°R
NOZZLE CHAMBER TEMPERATURE
611074-1OB
FIGURE 4-3
NRX/EST DRUM PFRtURBATION TEST: EXAMPLE OF TYPICAL RESPONSES
RECORDED BY THE ZERO SUPPRESSED COh1''ROL ROOM SANBORNS DURING THE
PSEUDO-RANDOM DRUM PER"I'URBATION TEST OF NRX/FST EP-IIC
-15-
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In order to display clearly the engine system variables on the zero-
suppressed control -room Sanborn recorders, low-pass noise suppression filters
were used on some of the zero suppressed channels. The schematic location of
these filters in the data acquisition system is shown in Figure 4-1. Table 4-I
gives the noise suppression filter transfer function and the specific zero-
suppressed data channels on which they were used. Because these filters had
break frequencies in the frequency range of interest, the measured transfer
functions had to be corrected in some cases for the transfer functions of these
filters, as explained in the section on data processing procedures. These
noise suppression filters were composed of RC networks. As a result, the
actual filter transfer functions may vary from those shown in Table 4-I by the
accuracy of the resistor and capacitor elements, or by perhaps +S per cent.
C. Use of the Data Acquisition System for Sinusoidal Results
Although the data acquisition system shown in Figure 4-1 was initially
specified for pseudo-random signal perturbation and subsequent Gross-correlation
processing, this system was also used to obtain dynamic response information by
the step response and the sinusoidal response methods. In addition, the
sinusoidal and step signal responses were recorded simultaneously by CEC
oscillograph and/or Sanborn recorders. System transfer functions could thus be
	 ••
determined either on-line, by direct measurement of the gain and phase at each
% s
frequency from the CEC and Sanborn recordings, or off-line, by playback of the
wideband FM/FM data tape. The sinusoidal results for the drum perturbation
transfer function tents of NRX/EST EP - III: and NRX/EST EP-IV shown in this
-16-	
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TABLE 4-I
NOISE SUPPRESSION FILTER TRANSFER FUNCTIONS
IN THE ZERO-SUPPRESSED DATA CHANNELS
EP-IIC
	
EP-IV
Average Drums Position Measured
Average Linear Power
	
V-946-4X	 1(1 + 0.035s)
	N-942-4X	 1(1 + 0.01ss)
1
(1 + 0.03Ss)
1 (no filter)
-17-
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report were determined by the off-line procedure, using playback of the FM
tapes. This technique offered the advantage of permitting a wide choice of
subsequent playback speeds and gains. Thus, it was possible to request an
optimum playback speed at each frequency for accurate measurement of the
phase angle, and an optimum playback amplification at each frequency for a
more precise measurement of the magnitude of the transfer function. Thus,
whether or not on-line measurements are being performed, it is considered
essential that sinusoidal data also be recorded on wideband tape to permit
effective processing of the results.
-18-
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V. DATA PROCESSING
A. Data Processing System Description
Figure S-1 shows the basic elements of the data processing system. The
system consists basically of (1) a tape drive unit on which an analog tape may
be mounted, (2) a bank of discriminators (or demodulators) which demodulates
the ni/FM analog data on the tape and reproduces the data signal in electrical
form, (3) a group of six Cytronics filters with adjustable low and high fre-
quency cutoffs, (4) a CEC oscillograph recorder with which the electrical
signals may be displayed, and (5) an analog-to-digital data converter which
changes the electrical signal to digital form in a format compatible with an
IBM-7094 digital computer. The digitized data (the so-called W2 tape) may
then be further processed by means of the digital computer.
B. Data Processing Procedures
All the wideband data-from a given test are recorded on three FM/FM tape
recorders as explained in Section IV. These data tapes (designated W1 tapes)
are duplicated by NTO, and the duplicates are then hand carried by WANL
personnel to the Westinghouse data processing facility in Pittsburgh within a
few hours after the completion of a test.
These duplicate tapes are played back through appropriate discriminators
to obtain the various data signals which exist on each tape. Usually, a data
tape contains 12 data "tracks" with each "track" containing as many as five
separate data channels in multiplexed form. The available discriminators
permit playing back simultaneously a maximum of two tracks plus the reference
-19-
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FIGURE 5-1
DATA PROCESSING SYSTEM
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time code. The analog data played back in this fashion may then be reproduced
on a CEC oscillograph unit for visual analysis, or fed directly to the Westing-
house Wideband Data Converter.
In general, all the wideband data recorded on the W1 tapes are played
back, and displayed through the CEC oscillograph, as a standard procedure. The
data on the AC-coupled and zero-suppressed channels are then carefully examined.
Start and stop times are determined for the transfer function tests, and
problems such as severe drift, excessive noise, saturation of the channel, low
amplitude data, obvious nonlinearities, open channels, and discontinuity of
the data, are identified. In the case of sinusoidal response data, the time
intervals of interest are noted, and a replay of the data is made through the
CEC oscillograph recorder, with appropriate speeds, gain settings and noise
filtering if desired. The sinusoidal response data are then hand reduced. In
the case of the cross-correlation data, those channels which appear to be free
from problems are digitized after being passed through the Dytronics low-pass
anti-aliasing filters.
The data converter, which is used to digitize the data, converts the
analog data signal into digital samples or bits at discrete time intervals,
and stores the digitized data on a W2 tape in a format suitable for input to
a 7094 digital computer.
Once the data is on digital tape, it is processed through the SPIV code,
which performs the following functions:
1. Applies calibrations to the data.
2. Computes the time corresponding to each data point.
-21-
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3. Reduces the sampling rate, if desired.
4. Performs trend removal up to fourth degree, if desired.
The output data from the SPIT code emerges on a digital tape (denoted as
the W3 tape). When all the data charnels have been processed through the SPIT
code, they are processed by the VAC Format Code. This code computes the time
increments for the sampled data, and stores the data from each channel on a
WS tape. Up to SO such data channels may be stored on one VAC Format (WS) tape.
The VAC code performs the actual transfer function computations. It
accepts the WS tape as input and calculates the transfer functions for
selected pairs of channels. As many transfer functions as desired from the 	 -
channels on a single WS tape may be calculated in one VAC run. The VAC code
computes the following functions: the auto-correlation function and the
power spectral density (PSD) for each variable; the transfer function
magnitude (by taking the square root of the ratio of the PSD°s for the input 	 ,^
and output variables); the.cross-correlation function for positive and
negative time shifts; the cross-power spectral density; the coherence function;
the transfer function magnitude and phase angle; and the error bands for the
transfer function at each frequency, based on the value of the coherence and
the specified confidence level. Finally, the code takes the inverse Fourier
transform of the transfer function to compute the impulse response function.
All these functions appear in a digital printout. In addition, they also 	 %a
appear on a digital tape (W6) which can be accepted by an SC-4020 electronic
..
plotter. Thus, all these functions plus the time responses of the two input
variables are plotted and stored on microfilm.
-0
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When it is desired to obtain the transfer function between two variables
recorded on two specific data channels, the transfer functions of the filters
included in the data channels must be considered, and the results corrected by
the ratio of the respective filter transfer functions. The only exception to
this is the case where identical filte: .•ing is used on the two channels
considered. Thus, if it is desired to obtain the transfer function between
two variables, and one of the variables (the input) is recorded on a zero-
suppressed channel and the other variable (the output) is recorded on an AC
coupled channel, the calculated transfer function must be divided by the
transfer function of the AC coupling filter. If in the above case the zero-
suppressed data channel happens to employ a noise suppression filter, the
total correction to the calculated transfer function must include both the
AC coupling filter transfer function and the noise suppression filter transfer
function; i . e., the calculated transfer function must be multiplied by the
noise suppression filter transfer function and divided by the AC coupling
filter transfer function.
The various filter transfer functions for the data channel: were given
in Section IV.
C. Data Processing System Improvements
A number of significant improvements have been made in the Westinghouse
data processing techniques over those which were available for the NRX -A3 test
series as reported in Reference (S). The most significant improvements are
associated with the Westinghouse Wideband Data Converter. This unit has been
entirely redesigned and rebuilt to:
-23-
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1. Provide increased reliability of operation.
2. Provide a wide rang y of sampling rates and the capability of 	 -
processing 50 channels simultaneously. (Considerable flexibility
has recently been designed into the digitizer, permitting selection
of any one of a large number of digital sampling rates ranging
from 5.0 to 16,000 samples 	 '
permitting the digitization of as many as SO data channels simul-
taneously. Present use of the converter for transfer function
measurements by cross-correlation, however, is still restricted
to five simultaneous data channels from any two "tracks" on a	
L
given FM/FM analog tape.)
3. Provide continuous synchronization of the converter sampling rate
with test site time. (This feature was not yet available in the
processing of the results presented in this report but will be
used in all future transfer function data processing.)
4. Provide the automatic performance of a number of routine operations,
thereby reducing the chances of human error.
In addition, a digital tape drive unit has been added for exclusive use
with the converter. As a result, it is no longer necessary to record the
converter output on a sometimes available, sometimes not, tape drive unit in
the digital computer lab, through a 90 ft. long cable.
Another significant improvement is the acquisition of the Dytron.ics
Model #723 active filters, which feature sharp cutoff characteristics, digital
selection of break frequencies, and flexibility for use in a wide combination
-of high-pass, low-pass and band-pass modes.
-24-
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A more detailed description of the above equipment is given in
Mference 10.
A word or two is appropriate here regarding the effects of the improve-
ments made in both equipment and digital codes upoit the efficiency cf the data
processing operation. Apart from increases in reliability, reduction of
tur, error, and convenience of operation, the redesign of the converter
has reduced the digital computer time required for the running of the SPIT
code. A report describing these savings is given in Reference 11. This has
been accomplished by providing a wide range of sampling rates. Thus, the
previouv time-consuming procedure of achieving a desired sampling rate by
skipping data points in the SPIT code is no longer necessary.
It will be noted that the final calculation of the correlation functions
and the transfer functions is now done by the VAC code. For NRX/EST data,
this code was substituted for the "Huntsville" code which was previously used
in the reduction of NRX-A3 transfer function 3a.ta. (S) Several major gains
were realized by this change. These include:
1. The capability of making modifications to the code to suit
particular requirements. (The previously used Huntsville
code was written in a now almost obsolete programming
language called SOS.)
2. Improved computer operator efficiency. (The Huntsville code
required the mounting of several system tapes, a separate WS
tape for each pair of transfer functions calculated, and the
use of an on-line card reader. With the VAC code, however,
-25-
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as many transfer functions as desired from up to SO data
channels on a WS tape may be computed in one continuous run.)
3. Increased data storage capability, since the output from VAC
can be plotted by an SC-4020 electronic pletter and recorded
on microfilm. Having such data on microfilm affords the
added convenience and capability of quickly making copies
of individual frames.
4. Calculation of error bands for each point in the transfer
function. This is done automatically by the VAC code, based
on the calculated coherence and the specified confidences
level. For the error bands shown in this report, a -confidence
4
level of 0.78 was used; i.e., there is a 78 per cent
probability that the true transfer function falls within
the limits of the error band.
D. Selection of Data Processing Parameters
In the processing of the dynamic response data by means of cross-
correlation, several data processing parameters must be chosen. These
parameters are (1) the converter sampling rate, (2) the low-pass, anti-
aliasing filter break frequencies, (3) the sampling rate through the SPIT
code, (4) the use of trend removal, and (S) the choice of the number of lags
used in the calculation of the correlation functions. The method used to
determine these parameters for the NRX/EST drum perturbation tests is given
below.
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Generally, the number of data points available in the correlation code
(in the case of WANL version of the VAC code, this is 5000) divided by the
number of seconds in the total time interval of the data record (164.4 seconds
for the "on" time of the perturbation signal in the NRX/EST EP-IIC test)
determines the approximate sampling rate. For EP-IIC data, therefore, -n
approximate sampling rate of 30.4 samples per second was indicated. The
EP-IIC test data were digitized on the old WANL Wideband Data Converter which
was restricted to a sampling rate of 3050 samples per second. This sampling
rate was reduced through the SPIT code by skipping 100 points between selected
points, giving an effective sampling rate of 3050/101 or 30.198 samples per
second. This meant that with 5000 samples at a sampling rate of 30,2 samples
per second a total data time interval of 165.6 seconds would be covered.
Data from the iEP-IV test, on the other hand, were digitized through the
redesigned Westinghouse converter at a sampling rate of 3200 samples per second.
The data record in this case was also approximately 165 seconds. When processed
through the SPIT code s the data from the EP-IV test was reduced to a sampling
rate of 3200/106 or 30.189 samples per second.
Because the same sampling rates were used in both the EP-IIC and EP-IV
tests, the Dytronics anti-aliasing filter break frequencies were set at 6.5 cps
and all data were processed with this setting. Since the filter gain is down
by a factor of 100 or greater at all frequencies above twice the break frequency,
the filter served to remove from the data all frequency components above
about 13 cps prior to digitization. Since this is less than half the sampling
rate, aliasing of the data was eliminated as a source of error.
-27-
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The maximum number of lags (i.e., the maximum number of data points that
one data record is shifted relative to the other in the correlation process)
is 500 in the standard VAC code. With 500 lags the frequency increment
between computed points in the frequency domain is
_ N_
	
5000
^f 2mT 2 x 500 x 165.6 0.032 cis
where N is the total number of data points used, m is the number
of lags, and T is the record length of the data in seconds. Thus, the
lowest frequency for which transfer function results were obtained was
0.032 cps. All the cross -correlation results presented in this report
were processed at a lag number m = S00.
It is interesting to note that with the upper limits of 500 lags and
5000 data points, the transfer functions could not be calculated at frequencies
down to the fundamental frequency of the pseudo -random perturbation signal.
When the number of lags is 10 per cent of the total number of data points as
in this case, a data record length corresponding to 5 periods of the pseudo-
random signal is required in order to process the lowest frequency; i.e., in
that case,
^f 2 x m x (SP) 0 2 x 0.1 x 5P P
where P is the period of the pseudo -random signal. In the NRX/EST experiments
as performed, the data record length was only twice the fundamental period of
the input signal. Hence nothing would have been lost if the period of the
pseudo-random signal chosen had been 2 1 5 times as large as that actually used.
(4)
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Trend removal was used on all the cross-correlation data that were
processed from the NRX/EST control drum perturbation tests. This consisted of
fitting a third order polynomial to each data record and then subtracting the
polynomial from each point of the test data. The purpose of this procedure is
to remove extremely low frequency components or drift which may be present in
the data. Such removal of low frequency components does not affect the higher
frequencies which are actually processed. It does, however, force the data to
appear stationary, as is required to avoid distortion of the processed corre-
lation functions and the corresponding spectral density functions.
Hanning smoothing was also used in all the cross-correlation data
processing pertaining to this report. This smoothing process consists of
multiplying each correlation function by a cosine function(2 + 2 Cos 	 n TT),
m
where z is the variable time lag, and 
T  
is the maximum lag time, equal to
500/30.2 Z 16.5 seconds. The effect of multiplying the correlation functions
by this so -called Hanning lag window, on the power spectral density functions
is to effect an averaging or smoothing operation, which may be described by
the following equation:
th (wi ) = 0.25 t(wi - Aw) + 0.s O(w i ) + 0.25 4^(wi + Aw)
where 0h (wi ) represents the magnitude of the Hanning-smoothed power spectral
density function for the i th multiple of the basic frequency increment Aw,
and O(wi ) represents the same quantity calculated without use of the Hanning
lag window.
I
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When the Hanning lag window is applied to a cross-correlation function,
the symbol fh (wi ) represents the Hanning-smoothed co-spectral and/or quad
spectral density components of the Hanning-smoothed cross-power spectral
density function. Similarly, •(xi) represents the same quantities for the
unsmoothed case.
-30-
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VI. COMPUTER MODEL USED FOR COMPARISON PURPOSES
The transfer function test results presented in Sections VII and VIII
are compared where possible with corresponding computer model transfer
functions. The computer model used for this comparison is the CAM-IIC model
of the NRX/EST engine system modified by the substitution of the improved
CAM-AS-B reactor model for the original CAM-IIC reactor model. The CAM-•IIC
system model was the model used for both pre-test and early post-test transient
analysis of the NRX/EST engine system.
The modifications made to the CAM-IIC reactor model in going to the
NRX-A5-B reactor model are documented in Reference 12. Briefly stated these
changes consist of (a) the use of nonlinear enthalpies in computing fluid
temperatures, (b) the reduction from three flow sections in the reactor core
to one section and (c) the rise of equations for the heat transfer coefficient
0.8
in the form h = f(T)W	 instead of h = kW.
Transfer functions of components of the NRX-AS-B reactor model were
generated by use of the TAF digital code. This code was developed at LASL
and has been used extensively at WANL for purposes of analog computer model
checkout and for .he calculation of model transfer functions. Basically the
code solves sets of simultaneous first-order, nonlinear differential and
algebraic equations. It computes the values of the system variables for any
desired steady-state condition. It also computes transfer functions for any
group of variables with respect to a designated input variable. These transfer
function magnitude results are given in the form of both magnitude ratio and
decibels and the phase angle is given in degrees.
-31-
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Table 6-I gives the computed values of several key system variables at
the two steady-state operating conditions at which model transfer functions
were calculated for subsequent comparison with test results.
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MODIFIED CAM-IIC
TABLE 6-I
MODEL STEADY-STATE CONDITIONS
EP-IIC	 EP-IV
Drumosition	 97 . 1 de	 ..	 104 deP	 8	 g
TPCV position 37.3 deg. 45.1	 deg.
Power 18.1% (204 MW) 94.0% (1060 MW)
! Nozzle `chamber temperature 1950 ° R 3960°R
Nozzle chamber pressure 163 psi 540 psi
Mixed bleed temperature 390 ° R 1075°R
Turbine inlet pressure 86.2 psi 395 psi
Turbopump speed
	 ^^, 109 360 RPM 20 , 870 RPM
Pump inlet flow	 , 31.9 lb /' sec 75.21 lb/sec
Nozzle manifold pressure 265.7 psi 849 psi
1
t
t
i
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VII. EP-IIC DRUM PERTURBATION TEST
The control drum perturbation test of NRX/EST EP-IIC consisted of
operating the reactor at approximately 20 per cent steady-state power level,
with both the control drums and the TPCV in the position control mode. Under
these conditions, the control drum position demand signal was perturbed while
the TPCV positron demand signal was held constant. Table 7-I gives the
measured values of several key system variables which define the actual steady-
state operating condition of the system during the transfer function measure-
ments.
The control drum demand perturbation signals consisted of two step
demands followed by a group of sinusoids. Shortly thereafter, a pseudo-random
perturbation signal was inserted into the system. The parameters of these
signals are given in Table 7-II. (Appendix B gives a brier discussion of the
significance of the parameters of the pseudo-random signal.) Typical response
patterns of the engine system variables to the pseudo-random signal are shown
in Figures 4-2 and 4-3. From this type of pseudo-random signal response data,
a substantial number of transfer functions were determined by use of the
cross-correlation method described in Section A of the appendix, using the
data processing procedures described in Section V. The sinusoidal data were
also reduced for several selected variables. These results are compared with
the corresponding cross-correlation results in the figures following. Transfer
functions determined from the computer model are also presented where possible,
for direct comparison of models and test results.
-34-
TABLE 7-I
STEAD'-STATE CONDITIONS FOR THE CONTROL DRUM PERTURBATION
CROSS-CORRELATION TEST OF NRX/EST EP-IIC FIXED DRUM BOOTSTRAP
Variable Channel Magnitude
Average Drum Position V-600-AR 99 Degrees
TPCV Position V-807@-4H 42.2 Degrees
Neutron Power N-004•-AN 210 MW
Nozzle Chamber Temperature V-082-AB 1950'R
Nozzle Chamber Pressure V-085-AB 160 Psia
Turbine Inlet Temperature T-82S-4A 27S*R
Turbine Inlet Pressure P-870-4A 8S Psis
Turbopump Speed S-8004A 99600 RPM
Pump Inlet Flow F-004-AL 33 lb/sec
Pump Discharge Pressure P-1104A 243 Psia
Nozzle Manifold Pressure V-08'-AB 23S Psia
r
Control room time interval for above data - 19723 - 19730 sec.
Control -oom time interval for cross-correlation - 19557.8 - 17722.2 sec.
Control modes: TPCV - Po tion control
Drums - Position control
6Y
7
3
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TABLE 7-11 
NRX/EST EP-IIC CONTROL DRUM PERTURBATION TEST 
INPUT SIGNAL PARAMETERS 
Steps: 
Drum Position Demand· Step 
Removal of Step 
Sinusoids: 
Demand 
Amplitude 
-2 .. 16 deg. 
+2.16 deg. 
Time 
19350 
Frequency (cps) 
0.1 
Amplitude (deg.) No. of Cycles c. R. Time (sec) 
19433 
0.25 
0.4 
0.62 
1.1 
+2.2 
+2.2 
.+2.2 
-
+2.2 
3 
6 
8 
4 
8 
6.3 
+2.2 
+2.2 24 
Pseudo-Random Signal.: 
Amplitude, A(degrees) 
Number of shift register stages, N 
Number of shifts per sequence, N 
Clock frequency, fc(cps) 
TilDe per shift, ,At (sec) 
Time for the longest pulse, nAt (sec) 
Period of signal, N i At(sec) 
Approximate frequency content of signal, (cps) 
Control room start time. (sec) 
Control room stop time, (sec) 
Time interval, (sec) 
" 
+1.37 
8 
25S 
3.125 
1 . 
r' = 0.32 
c 2.56 
81 .. 60 
19 50 
0.01225 to 1.5 
19557.8 
19722.2 
164.4 
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In most of the figures following. the cross-correlation test results are 
shown with error bands at various points of the curves. These error bands . 
represent the band within which there is a 78 per cent probability that the 
true values lie. Woere no error bars are shown, the error is less than +2 db 
-in magnitude and less than ,!,12 degrees in phase angle. The method used to ~ 
obtain these error bands was developed by N. R. Goodman~(l~) A compreh,Pnsive 
discussion on the application of Goodman's method is given in Appendix B of 
Reference (5). 
In general, the EP-IIC transfer function measurement test was highly· 
successful with regard both to the frequency ba~d covered and the extensive 
number of variables for which response data were measured and successfully 
recorded. For each of the transfer functions presented below the quality of 
the test results and the ca.parison of the model predictions with the .~e~sured 
transfer functions are dj,sclJssed. ,. 
1. Average Drum Position/~rum Position Demand 
This transfer function; Figure 7-1, shows the dynamic response 
characteristics of the combIned action of the actuators for all twelve 
reactivity control drums. On the basis of the.computed coherence of the data 
(see Reference 5, Appendix 8 for discussion), ... these results are valid from. 
approximately 0.1 cps to 8.5 cps. From the transfer function magnitude curve, 
the bandwidth of the actuators (defined as the frequency of which the 
"7 
magnitude curve is reduced by 3 db) appears to be approximately 5.5 cps. 
Similarly, the frequency at which ~ 90 degree phase shift occurs is 6.0 cps. 
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FIGURE 7-1
TRANSFFR FUNCTION: EP-IIC, AVERAGE CONTROL DRUM
POSITION/CONTROL DRUM POSITION DEMAND
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A comparison of the test results with the actuator model transfer function
5
shows good agreement both in gain and phase.
2. Neutron tower/Control Drum position
This transfer function is shown in Figure 7-2. Agreement with both
the analytical results obtained from the computer model, and with the sinusoidal
results is excellent. The maximum discrepancy between the model and the cross-
correlation results is 2.5 db in gain and 9 degrees in phase. On the basis of
coherence, the relationship between drum position and reactor neutronic power
appears to highly linear.
3. Reactivity Feedback/Neutron Power
From the transfer function of reactor power with respect to drum
position discussed above and the theoretical zero power neutron kinetics
transfer function (Reference 14), both the incremental reactivity worth of
the control drums and the transfer function of feedback reactivity with
respect to power were determined. Figure 7-3 shows this calculated feedback
reactivity transfer function together with the corresponding prediction of
the computer model. The agreement is again seen to be good.
In the determination of this transfer function, an incremental drum
worth of 9.55 per degree was deduced for the simultaneous' effect of all
twelve do:ms. This compares very well with the value of 7.6#/deg. determined
from drum worth calibration experiment..
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TRANSFER FUNCTION: FP-IIC, REACTIVITY FFEDRACK/NFIITRON POWER
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4. Average Station 26 Core Structural Material Temperature/Neutron Power
Figure 7-4 shows this transfer function. Again, on the basis of the
COwpllte d coherence, there appears to be a highly linear relation between core
temperature and power. This high degree of linearity is a contributing factor
to the good agreement between the sinusoidal results and the cross-correlation
results in spite of the differences in amplitude for the two types of perturb-
ing signal (see Table 7-II, above).
The corresponding computer model transfer function represented by the
triangles in Figure 7-4 shows reasonable magnitude agreement in the frequency
range from 0.1 to 0.4 cps. Above 0.4 cps the model magnitude is low, and
below 0.1 cps the model magnitude is several db higher than the test results.
The model phase angle plot agrees with the test results below 0.1 cps; above
0.1 cps the model exhibits a larger phase lag, differing by as much as 45
degrees at 1 cps.
The low frequency gain discrepancy of approximately 6 db (+ 2 db)
between model and test results is greater than expected. In an effort to
check the test results, step response data from the EP-IIC test was examined.
This step response data was recorded (zero-suppressed) simultaneously on the
wideband data tape system and also on the control room Sanborn strip chart
recorders. Both the recorded wideband data and the zero-suppressed Sanborns
showed that the initial step response was taken before full steady-state
Conditions existed. The return step response test, on the other hand,
appeared to have been performed under good steady-state conditions. Because
of this, only the data from the return step was used.
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oThe steady-state step response of the station 26 average core
temperature was measured to be 11S°R on both the zero-suppressed control room
Sanborn record and on the wideband tape playbacks. However, the corresponding
steady-state step response of the power was measured to be 23.2 MW from the
wideband tape playback, but between 32 and 36 MW from the control room Sanborn
record. The Sanborn recorder gain setting was low preventing an accurate
measure of the power response. Hence, from the wideband data a DC gain of
4.96°R/MW or 13.9 db was obtained for the transfer function of station ?6
temperature with respect to power, while from the Sanborn data, the DC gain
was computed to be between 10.1 and 11.1 db. These values fall between
the extrapolated values for the DC gain deduced from the cross-correlation
data and the model predictions. AdditiGnal measurements with improved
precision are therefore required at low frequencies.
The results of this test indicate that model improvements for
caMuting in-core structural temperature are required. This is evident from
the significant gain discrepancy (4 db)at 0.05 cps and the large phase
discrepancy (30 to 40 degrees) at 0.2 cps. Model improvements to reduce
this discrepancy will be investigated in the near future.
S. Individual Reactor Core Temperature/Neutron Power
Figures 7-5 through 7-10 give the cross-correlation test results of
several individual measured core temperature responses with respect to measured
neutron power. These transfer functions cover individual core module tempera-
tures on the reactor core axis at stations 8, 20 0
 26 and 32. In addition,
-44-
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two temperatures at station 26 off the core axis area included. One is located
approximately at the core mid radius and the other near the core periphery.
All these power-to-temperature transfer functions exhibit the same
general behavior. Figure _ 7-11 shows the transfer functions superimF^sed.
Although the test results only go down to a frequency of 0.03 cps aiAd the
error bands are generally somewhat larger for the first two data points than
at higher frequencies, the magnitude characteristics generally indicate the
presence of a downward break or pole in the vicinity of 0.06 cps. Above
0.06 cps the magnitude falls off with a maximum slope of roughly 30 db per
decade. At 0.5 cps, the slope begins to decrease from the maximum value
toward a value somewhat less than 20 db per decade. The station 8 temperature
transfer functions differs from the others in that it exhibits a larger slope
than the other transfer functions.
The phase characteristics for all but the station 8 temperature
transfer function show a steady increase in phase lag from a frequency of
0.03 cps to 0.2S cps. At 0.2S cps a maximum phase lag of roughly 120 degrees
is attained. Above 0.2S cps the phase lag decreases to roughly 90 degrees
or less at a frequency near 1.0 cps. The average station 26 temperature with
respect to power transfer function presented earlier in Figure 7-4 shows
this general behavior clearly. The phase of *he station 8 temperature
transfer function does not go through a minimum, but rather appears to
increase continuously at roughly 100 degrees per decade.
With the exception of station 8 there is close agreement among all
these temperature transfer functions. The amplitudes agree within 3 db at
-51-
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To compare cross-correlation and sinusoidal results, the sinusoidal
data for those transfer functions involving the station 20 and 32 core axis
temperatures were selected arbitrarily for data reduction. The sinusoidal
results are shown by the solid circles in Figures 7-6 and 7-8, at frequencies
of 0.1, 0.25 9 0.4 and 0.63 cps. Sinusuidal response data above a frequency
of 0.63 cps were too small to be measured. Generally the comparison between
the cross-correlation and sinusoidal results is seen to be very good. The
poorest agreement occurred at 0.63 cps for the station 20 temperature transfer
function. Here the disagreement was approximately 3 db in magritude and 1S
degrees in phase angle. The other points showed considerably closer agreement.
Computer model comparisons are not shown for all the individual
transfer functions of core temperature with respect to power because the
present model generates a measured structural graphite temperature at station
26 only. This particular station 26 model temperature with respect to power
transfer function was compared with its counterpart, the m°asured average
station 26 temperature with respect to power transfer function in Figure 7-4.
6. Core Exit Tem2erature/Neutron Power
Figures 7-12 and 7-13 present, respectively, the transfer functions
with respect to power of the average measured core exit temperature and an
individual measured core exit temperature. The two transfer functions pertaining
to the core exit temperature show very similar trends. However the average
core exit temperature transfer function data appears to be smoother and somewhat
more precise.
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Sir• zoidal response data were reduced for the average core exit
temperature transfer function at frequencies of 0.1, 0.25 and 0.4 cps. Above
this frequency the response data was too small to reduce with any reasonable
degree of accuracy. The three sinusoidal points which were reducible did
agree well with the cross-correlation results as shown by the solid circles in
Figure 7-12.
From the step response tests the DC gain for this transfer function
was measured to be 14 db. From the trend of the magnitude curve between
_,
	
	 frequencies of 0.03 and 0 . 09 cps in Figure 7-12, the cross -correlation test
results appear to be consistent with this value for the DC gain.
The core exit temperature with respect to power transfer function
exhibits a phase lag which is consistently larger than that for the core
PI
temperatures. The core exit temperature phase lag levels out at a value of
approximately 150 degrees at about 0.2 cps and maintains this value out to
0.9 cps. Some of the differences between the in-core and care exit temperature
transfer functions may be due to the difference in the responses of the
thermocouples used.
The corresponding computer model prediction of the core exit
temperature with respect to power transfer function is shown by the triangles
in Figure 7-12. At low frequencies, the magnitude of the model prediction
t._	
appears to be roughly 6 db higher than that given by the test results. At
`
	
	 higher frequencies there is closer agreement. The phase of the model prediction
agrees well with the test results below 0.1 cps. Above 0.1 cps the phase lag
of the model transfer function is some 15 to 20 degrees larger than that of the
test results.
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Further testing is required to obtain low frequency data for this
transfer function. Model improvements to reduce the gain and phase discrepancy
will be investigated in the near future.
1. Ti e Rod 	 Gab T-mnerature/Neutron Power
The transfer function of the tie rod exit gas temperature response
with respect to neutron power is shown in Figure 7-14. On the basis of the
indicated coherence, this transfer function is of reasonably good quality, and is
most reliable at frequencies between 0.25 cps to 1.2 cps. The sinusoidal test
results show reasonable agreement with results obtained by cross-correlation as
is shown by the large solid circles in the figure.
This tie red exit gas temperature transfer function shows a general
decrease in magnitude with increased frequency. The phase angle characteristic
at higher frequencies shows an effect of increasing lag out to 2 cps. At 2 cps
the phase lag is in excess of 360 degrees.
The triangular data points of Figure 7-14 show the model transfer
function for the tie rod exit gas temperature with respect to power. The
model magnitude function indicates a behavior which is generally similar to
that of the test results. However, between 0.06 and 0.1 cps the model magnitude
function rises with increasing frequency. Above 0.1 cps it falls off with
increasing frequency. The test results show a tendency toward this same
general behavior in a higher frequency range (between frequencies of 0.2 to
0.4 cps). Above 0.4 cps the magnitude functions agree fairly well. Below 0.4 cps
the model function is approximately 5 db higher than the test results.
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The model phase angle results do not agree well with test data. A
sharp increase in the model phase angle function occurs at a frequency of
0.04 cps - 0.06 cps. Above 0.06 cps the model phase angle function drops off
• and approaches -90' at 1.0 cps. The phase angle function from the test results
indicates a slight lead tendency near 0.1 cps and then a continual increase
in phase lag. It should be noted that the present tie rod model consists of a
single axial section. This limits the maximum phase lag obtainable from this
transfer function to 90 degrees.
The support element is a difficult element to simulate on the analog
computer because of considerabi p radial complexity. Some models have been
developed in the past which attempted to simulate this element with a great
deal of accuracy. However, the computing equipment necessary to implement the
simulation was excessive, and a simpler model was developed for use with the
total engine model.
It should be pointed out that the tie rod exit gas conditions have
only a small effect on the nozzle chamber conditions. Thus, for accurate
simulation of the nozzle chamber conditions, a highly accurate tie rod model
is not necessary. However, in determining engine operating limitations on the
basis of tie rod temperatures, an accurate tie rod simulation is important.
In order to accurately simulate the tie rod it is evident from
Figure 7-14 that more detail is required, both radially and axially than has
been included in the model used for NRX/EST studies. In addition, it may be
necessary to take into account the flow impedance perturbation caused by
control driim motion. Methods of improving the tie rod simulation with a
modest increase in computer equipment are being investigated.
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S. Core Inlet Plenum Temperature/Neutron Power
The transfer function of core inlet temperature with respect to
power is shown in Figure 7-1S. While the precision of the results for this
transfer function is not as good as that for most of the other temperature
results in this report, the general trend is cell indicated. Comparison of
these results with the corresponding model transfer function shows reasonably
good agreement for the magnitude function. While the model phase function
does not match the test results perfectly, the trends are similar, and the
cross-correlation error band limits very nearly encompass the model phase
ugle function.
9. Core Exit Gas Temperature/Control Drum Position
The transfer function of average core exit gas temperature with respect
to average drum position is shown in Figure 7-16. The measurement of this
transfer function is of good quality out to 0.9 cps. It shows the typical
magnitude decay and phase lag which are associated with the transfer functions
of core exit temperature and core temperature with respect to power. At low
frequencies (near 0.05 cps) the :magnitude function is still increasing with
decreasing frequency, indicating that the time response associated with this
transfer function is quite "slow". A comparison of the cross-correlation
test results with those from the sinusoids shows good agreement.
The corresponding model transfer function is shown by the triangles
in Figure 7-16. The model transfer function magnitude appears to lie above
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the measured results by several db in the frequency range of 0.03 cps to
0.4 cps. At low frequencies, the model steady-state gain is very close to
the measured DC gain of 37 db, obtained from step response results. The
cross-correlation results appear to tend toward a DC gain of approximately
34 db.
A comparison between the phase functions of the model and the cross-
correlation test results indicates good agreement in the frequency range
0.03 cps to 0.4 cps. Above this frequency band the test results show greater
lag than the model. Studies have been initiated to determine the cause of
the low frequency magnitude and high frequency phase discrepancies between
model and test data.
10. Transfer Functions of Other Engine System Variables
Figure 7-17 shows the transfer function of core inlet plenum pressure
with respect to control drum position. The coherence function indicates that
the transfer function results are highly reliable in the frequency range
0.3 - 2 cps. In this frequency range, the transfer function phase lag appears
to increase linearly with frequency, which suggests the possibility of a
transport effect. However, above 2 cps the phase angle appears to level out.
Similar results were obtained for the transfer function of core exit
pressure with respect to control drum position. Figure 7--18 shows these
results. The coherence function again indicates best results in the range
0.3 cps to 2 cps.
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These high quality pressure with respect to drum position results in
the frequency range of 0.3 cps to 2 cps where core temperatures response is
hig:ily attenuated suggest a direct effect of arum motion on flow. The apparent
influence of drum motion on flow (and pressures) was seen in earlier NRX tests
as well as in tests performed by LASL. The effect consists of a disturbance
r'
of the hydrogen as it flows through tht reflector, due to motion of the control
drums. Although the cross sectional flow area of the reflector is not changed
by
 control drum rotation there is an apparent change in reflector flow impedance
as a function of drum velocity due to possibly an interruption of the boundary
layer conditions between the control drum surface and the hydrogen flowing
through the reflector. This effect is theoretically nonexistent with zero drum
motion and should increase up to a point as the drum velocity I's increased.
Because there was a measurable response of pressures throughout the
engine system during the drum perturbation test, several pressure-to-pressure
transfer functions were calculated from these data. Where tholse transfer
functions are related to parts of the EST engine system for which WANL has
modeling responsibility, a detailed discussion of the comparison between
model and test results is given. In other areas, the test results and model
predictions are simply presented for completeness, without commentary. Detailed
analysis of these latter results and discussion of the comparison with models
is left to AGC.
Figure 7-19 shows the transfer function of the pressure upstream of
the TPCV with respect to core exit pressure. On the basis of coherence,
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this transfer function is not of good quality throughout the frequency range
shown. The data is most reliable in the frequency range 0.3 cps to 2.5 cps.
As discussed later, the dip in the magnitude curve between 0.1 and 0.2 cps
is not considered to be an accuTw, .te representation of system behavior. The
same is true for the next two transfer functicns shown.
The transfer function which gives the response of turbine inlet
Pressure with respect to the pressure upstream of the TPCV is shown in
Figure 7-20. Again this transfer function is most reliable in the frequency
range from 0.3 cps to 1.5 cps.
The transfer function of turbopump speed with respect to turbine
inlet pressure is shown in Figure 7-21. The coherence function again indicates
that highest reliability exists in . the frequency range 0.3 cps to 2.0 cps.
Two separate core exit pressure channels were set up for the
NRXJEST transfer function measurements, to help insure that good results
would be obtained for this important variable. Since each channel gave good
data, the two channels were cross-correlated to determine the transfer
function between them. Ideally, this transfer function should show unity
gain and zero degrees phase shift over the entire frequency range. Figure 7-22
shows the actual computed result. It gives generally the expected results for
frequencies above 0.3 cps and below 0.09 cps. The results, however, are of
questionable accuracy between these two frequencies, due possibly to the very
small pressure response amplitude in both channels in this frequency range and
unequal nonlinear responses of the two transducers to very small pressure
variations. The behavior of this transfer function is useful in determining
1
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the accuracy of other transfer functions involving pressures. Since the
response amplitudes of all pressures are probably small in the frequency
range 0.1 to 0.3 cps, ss suggested by the results of Figure 7-21 all the
measured transfer functions involving pressures should be considered
questionable in this frequency range.
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VIII. EP-IV DRUM PERTU RBATION TEST
The EP-IV drum perturbation test consisted of full power reactor operation
with both the control drums and the TPCV in the position control mode. With
the TPCV position demand signal fixed, first steps, then a sequence of
sinusoidal signals, and finally a pseudo-random signal were inserted into the
control drum position demand. During the performance of the sinusoidal test,
a steady downward drift in the engine operating level was observed. As a
result, before the pseudo-random signal was inserted into the control drum
position demand, the control drums were manually adjusted outward to return
engine operating condition closer to rated conditions. During the subsequent
164 seconds of pseudo-random drum perturbations, a slight decrease in operating
level was again detected. However, this drift was not sufficient to saturate
data channels or jeopardize the validity of the test.
Table 8-I lists the step, sinusoid, and pseudo-random signal parameters.
Table 8-II presents the steady-state values of a number of key system variables
during the performance of the cross-correlation test.
One anomaly did occur in the operation of this test. This was the
inadvertent insertion of a lag-lead filter into the circuitry between the
pseudo-random signal generator and the drum position demand amplifier. As a
consequence, the higher frequency components (above 0.3 cps) of the pseudo-
random signal were attenuated, reducing the quality of the transfer function
results in this frequency range. Figure 8-1 shows the gain and phase of the
transfer function for this filter, as determined from test data. Figure 8-2
shows the response of several zero-suppressed variables during the test. 	 ^--
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TABLE 8-I
Steps:
NRX/EST EP - IV CONTROL DRUM PERTURBATION TEST
INPUT SIGNAL PARAMETERS
Drum Position
Amplitude Time
Drum Position Demand Step 	 -0.99'
	
11436.5
Removal of Step	 +0.99°
	
11468.3
Sinusoids:
Amp. itude C. R. Time
Frequency (cps)
—^—
(deg. peak No. of Cycles
sec
to peak) -
0.1 2.07 2 3/4 11480.8
0.16 1.97 2 1/2
0.25 2.89 6
0.4 2.56 7
0.63 1.87 5 3/4
1.6 0.395 11 3/4
2.5 0.296 13
6.3 0.0 25 11613.3
Pseudo-Random Signal:
Amplitude, A(degrees)	 +0.80
No. of shifts per sequence, N	 255
Clock frequency, fc (cps)	 3.125
Time per shift, At(sec)	 fl = 0.32
c
Time for the longest pulse, (sec) 	 2.56
Signal period , N x At ( sec)	 81.60
Approximate frequency content, (cps)	 0.01225 - 1.5
Control room start time, ( sec)	 11648.3
Control roc:n stop time, (sec)
	
11813.5
Time interval, (sec)
	
165.2
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TABLE 8-II
STEADY-STATE CONDITIONS FOR THE CONTROL DRUM PERTURBATION
CROSS-CORRELATION TEST OF NRX/EST EP-IV (RATED POWER)
EP-IV Steady State
Average Drum Position
TPCV Position
Neutron Power
Nozzle Chamber Temperature
Nozzle Chamber Pressure
Turbine Inlet Line Temperature
Turbine Inlet Pressure
Turbopump Speed
Pump Inlet Flow
Pump Dis*;harge Pressure
Nozzle Manifold Pressure
V-600-AR
V-87OB -4H
N-004-AN
N-0O4A-AN
V-082-AB
V-085-AB
T-829-4A
P-870-4A
S-800-4A
F-004-AL
P-110-4A
P-124-4A
112'
55°
1400 MW
1180 MW
3960°R
540 Psia
114O'R
400 Psia
25,000 RPM
75 lb/sec
940 Psia
865 Psia
Control Room Time for Above Data - 11700 seconds
Control Room Time Interval for Cross-Correlation - 11813.5 -
11648.3 seconds
Control Modes: TPCV Position Control
Drums Position Control
-76-
-100-A-
0.01 10.0
611356-356
1.00.1
FREQUENCY - CPS
FIGURE R-1
TRANSFER FUNCTION: F.P-IV, CONTROL DRUM POSITION
DFMAND/PSEUDO-RANDOM SIGNAL
t,
F
F
1
50
1.
i
1
1
t.
N
W
W
0W
4
^Jq
V
Z
t
W -50
N
O
Aslronucleat
Ubaatory
Z
2D
0
•
d
9
H
Z
V
101CWN
t
-77-
AiRaacle^r
^.^	 II	 1,)	 { ^	 1	 1	 ` 1,	 ^!	 • 1 . 1	 ^	 .1.1	
:	 '	 ^ S!
I	 I	 :	 '	 'fi	 1 11	 :	 :	 ,;.;	 1	 ,	 , 1' :	 i
•'
t
^i'	 (:.	 .::: ^. ^^}:	 ..:^
1.
,:I I r
' a L.T ;^^
-•1.
r	 ,il	 c j ,	 ,	 .	 ii"	 li	 • 11	 .1'	 1fµj'•	 '	 ,	 1	 t	 , ..,
'	 ;`,, a	 mfTOX DIM POSITION InFMA ID - (	 •(	 ' ! ^`.• 1. ;	 .'I	 i
^.r1	 I;	 i	 ,	 :ice	 :•	 .	 i:'	 ,ii. ,. 1
t
` i •^..: i
to
TTI
4.
i;.	 tli	 I	 I	 ^!	 I	 ;	 .I	 ' 10 SECONDS
11.1 I' I I aI,, J ► ^^	 L'i!
`I•	 • 1 , ctl,, . •^...: • r. ^,	 r.	 ^•:.	 i • '4	 7	 ^1	 ..	 1	 ^	 rlr=^-- •.11:1.1•• ! 1 :^	 1,1^
OEASUREOU, 't
' , :il.	 'ltl
	
j	 I,
h ^}V-9" AVERAGE MEA
5 1 K ID 
	 1. DUN POSITION
f 1 }°! ,
1	 t	 '	 ''	 If
''	 '	
'	 •I'	 •
! }:•
i:•l
,1j1
t11^
i.. ^,
'`^
j^	 '
'
I
1!	 I+I
1';:
	
{•;	 ,.•.	 .1
fil ' 1 !• :JI
.,	 ii	 '1 !
!,!'
'
1'	 i.^ •
;:
.!l !i:.(.'i cr:'^I • rii 'fi(:; I
^ 1	 ^
I
'
f
^.1	 i	 II I IH
^'
,.:'t
•,^
1
^
i	 '4
^
.l	 4	 !I
^1 1 1	 .1 ;1: :,^ ^': ;i'j I	 ' ► °J:: ^ + ;I: y }	 I	 i'	 i
'I II' ^ ^ j } I ^ I II ^	 I! i1!
i,	
n	 II	 i	 ,^	 :''i :! ,''' t ' 1 ;!} ...
'	
^! 1	 it :;, . I
it
	 I I
( Il li 1^`	 t
TT
11	 {:	 w	 1	 1,. I '
N-912 SELECTED L INEAR POMER , 1 1 , 1' 1. ,^ _i 1 , I I. !.	 1
rr	
.,..'
	 irim i 1'	 I1 t a I ► i	
' i; t : `_ I	 ! ( t '. Ili	 '	 1
I	 !	 I	 i	 1	 ! '1 ^ • u. i
^	 1	 i	 ,	 ,	 I•	 ,i	 ; •'!I +
^ ' ^. . 'i ! •'I '^ !. ^f	 t ^	 ii 1 1 1 'i ' ' ^I;I	 4!4'	 l^III till	 W
I	 II
^III^
fj;^' II I ^^^
''
^^!
i
!
'''11411
j
!
! I
fl1ill
I	 (',1 I	 1
!
^
' , . I I :IE-952 PSE000-RANDOM SIGNAL 	 NEGATIVE } j	 i
ril l I4 i ;^
J
1 I	 i ' !1 ^ I'
tit
^	 •'	 ',	 II	 '	 ^^	 ,	 ,^. •, ^},^ ^: ^1 ' I I ' I 'll
II
II', i tt	 IA	 mum L 	 I	 I
:11'^t ^^^
1
Ir 1
^
I	 , Ij 1 li ,t'
,
!
1 ' J	 ^
^
I	 I	 'I	 I	 }	 II!	 , I 	 ^ 1:	 ,I i	 34,i , i+' , , . '`^ i + r^
u
II 1 1
' I	 `	 i !	 ^ !	 '^^l ^ i i i ^ fi ! Ii^. I I
4	 .!
Ia
^l	 I	 Ii
f
!IIa' 1	 I	 1 
^,	 i	
la
i' ' '' !!'I	 11
I
I
! ' 1
}
.^}L11 II(,1
I	 i
i
1
i
i
^; `
,` I
'f{'	 i'	 !:	 '	 is	 i	 1	 Ij	 i	 lN	 'IV	 !	 Ir.	 a J6
AVERAGE STATION 26 'TEMPERATURE
i ► i
.:: ! 
MEASURED
iIllii	 n
!
alr	 ••i,',
1!.
.1..t	 ''
^`
I I
lil
n1 I
I', 1
`t'IL
l+
li p 1 f^lIlt
,,
}
`! ^	
!
,	 !
1^:i,
II,
i	 1 1	 I !	 +il..:4	
•
t ,	 4
it
^ I
I'' I J
I
1: j.	 ,	 .il: 1. ^;^	 ,: zi' :i: ' ill: ►,; ^ ., h , ,'	 I 1 ,
f	 ,	 ;	 •	 t	
,:/
	 .1	
.	 IIII	 I	 I1	 'l	 ,	 !
t	 '
t'i I "	 'lii ''i
Ft
l
ILI
1, j•	 ; ,:• '1 I !,
^!i^l !	 ;I
, , 11'	 4	 ^1
^ ^
'	 fit	 •	 )	 1	 I	 111	 ! ^•i,	 ; iii	 T! I ( II :•
•. • 1 .. ;	 ,
^! '^.}! ii 1	
N i
	 i	 II
u: •'
. J I i^	 , '^' 1. . ^,	 .t !	 ;,	 i	 .•i	 I .	 i	 :i	 i	 'f	 I 	 i	 'ii'	 j,_	 I'	 ii.
	 ^	 ir !.
4 +	 •!^^	 'I 1 !	 t^. iil	 ! I	 } • • :11 :; ^ (	 ;,:''1 •`•I
1
'
. 1
!
','
r
:, ;i.. :.;^, •^ 111:,•i .	 I
fl	 1	 ,l	 I'	 1
•,.	 II	 i	 i	 ...1	 ^,	 I . ^ .	 II	 ^	 ^	 ,	 ^:,	 '.t
	
ill '	 ^.
1
;.^
'^7
{I
111.
1'	
(
 t
' .i:
„
1 - 11	 !!^ !	 li	 i	 ! T-962 AVERAGE NOZZLE QIAMHER TEMPERATURE I
-
`
' ._
'
-i- •!! :h' i.i. fa
w .
•:
I	
,!.: 
	 I	 ••!	 rin	 1111	 ,	 ,	 , p 	 r	 .	 ._	 r l	 •
^•
Ii:.	 T^ 1 jli -!^ *. t:; .4:.
}	 ^II^	 '	 .	 !	 }	 •,	 •^	 I	 '	 +	 i	 i	 i	 i	 i r;i	 .:i • , !1 i	 , I	 t .	 ^
t
.t :1!. , 1.
1	 !
j
111
^
,
i;.
,
(I:^
I::'	 ;:
1	 I	 !	 .,C
C 	 I	 1. i	 1:
,
1	 I 1 ' t t
,
' u ' ..1.
•t::
1.. .I 1:.	 ..•
i'1	 !,	 1	 I 
ilt:	 I!i:	 i	 1	 I'	 I	 Ilil	 .i	 lil •	I	 It	 }	 1	 i	 i:i	 Ili.	 1	 I	 tn.	 I::i	 :	 ::!
^t 1 '	 ^: 1 !' 1. I ..;
, !.	 ^	 IS'4
1
u	 1	 I !:	 i', i	 }'; 1 `tl !	 •: °	 !.( '11, t'n • 1.	 11^ :,I111 • Ii	 , .11' ^1.. ^'I,•: r l l::	 ;..),	 n
FIGURF 3-2
EXAMPLE OF TYPICAL RF.SPONSFS RFCORI)£D ON ZERO
SUPPRFSSED DATA CHANNELS DUPING Tt[F PSFUDO-
RANDOM DRUM PERTURBATION TEST OF NRX/FST F.P-IV
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1 A comparison between the transfer results of tests EP-IIC and EP-IV show
that, in general, the EP-IIC test yielded better results in the higher
frequency ranges (between :.0 and 2.0 cps), despite the fact that similar
pseudo-random signals were used for each test. This result is mainly because
of the higher frequency attenuation caused by the filter cutoff characteristics
shown in Figure 8-1.
In most of the figures following, the cross-correlation test results are
shown with error bands at various points on the curves. These error bands
represent the band within which there is a 78 per cent probability that the
true values lie. Where no error bars are shown, the error is less than +2 db
in magnitude and less than +12 degrees in phase angle.
The transfer function results from this test are presented below. Again,
these results cover primarily the cross-correlation test results, with some
results from the sinusoidal and step response tests included for comparison.
These results are compared with the model transfer functions, where possible.
For each of the transfer functions presented below, comments are included on
the quality of the test results and on observed deviations of the model
predictions from the test results.
1. Average Measured Drum Position/Drum Position Demand
The transfer function of average measured drum position with respect
to drum position demand is shown in Figure 8-3. The coherence function
associated with this transfer function indicates that the results are valiri
out to S cps. The magnitude function indicates a decrease in amplitude
above 2 cps. The phase lag shows a gradual increase as frequency is increased.
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I
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I	 At 3 cps the phase lag is roughly 90 0 . A comparison of these results with the
model shows good agreement in the magnitude; however, the model phase curve has
somewhat less phase lag than the test results. The high frequency phase errors
in the actuator model are of the order of 30 degrees.
i.	 2. Neutron Power/Control Drum Position
The transfer function of reactor neutron power with respect to
average control drum position is shown in Figure 8-4. The coherence function
indicates that the results are of high quality out to 5 cps.
This transfer function has the same general shape as the corresponding
transfer function at intermediate power (Figure 7-2). However, at full power
the low frequency characteristics of this transfer function show a magnitude
dip at 0.1 cps. This dip is probably caused by the characteristics of the
feedback reactivity transfer function; i.e., feedback reactivity with respect
i
`-	 to power. (This transfer function is discussed below.) The sinusoidal test
results show very close agreement with the cross-correlation test results both
ti
for gain and phase. From the step response data, a measured DC gain of 34.4 db
-•	 was obtained consistent with the value extrapolated from the cross-correlation
data.
There is close agreement between the CAM model results and the test
results above about 0.1 cps. However, below 0.1 cps the cross-correlation
magnitude curve rises with decreasing frequency, whereas the model magnitude
•^	 function levels out to a lower DC gain value than that extrapolated from the
cross-correlation data. In this frequency range the model phase angle also
v
leads the cross-correlation phase angle.
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..	 :. Reactivity Feedback/Neutron Power
From the high-frequency (2 to 5 cps) behavior of the transfer function
of measured power with respect to drum position and of the theoretical transfer
function of the zero-power reactor kinetics, 
(14) 
the transfer function of
s•
feedback reactivity with respect to power was determined. This transfer
, v
	
	function, shown in Figure 8-5, is in fairly good agreement with that predicted
by the computer model, except for a magnitude peaking effect which occurs
near 0.1 cps. This peaking characteristic is evidently related to the magnitude
dip that is observed at 0.1 cps in the power with respect to drum Fosition
transfer function. As shown below, the amplitude peak in Figure 8-5 is not
observed in any of the transfer functions of core temperature with respect to
power. Also, at the 20 per cent power level, there is only minor peaking
(Figure 7-3). Detailed examination of the model and additional test data at
low frequencies are required to explain these differences.
From the high frequency (2 to S cps) value of the transfer function
of power with respect to drum position and of the theoretical transfer function
of the zero power reactor kinetics, the incremental control drum worth was
determined to be 7.5# per degree. This agrees quite well with the value of
7.6{ per degree determined by period measurements.
4. Measured IndividuC. Reactor Core Temperatures/Neutron Power
The transfer functions of structural graphite core temperatures with
respect to neutron power are shown in Figures 8-6 through 8-10. Generally,
the results appear to be of good quality out to frequencies of 0.7 to 1.0 cps.
-83-
i
0W
W
3-50
1
WJ
Z
w-100N
-130
Asnonucl^K
W uborstory
-30
0
t
-60 ^
Mv
W
QD
_t
-70 ZQI
-80
0.01
	 0.1	 1.0	 2.0
FREQUENCY - CPS	 611336-401
FfGURE 8 - 5
TRANSFER FUNCTION: FP-IV, FEEDBACK REACTIVITY/NEUTRON POKER
-84-
-50
-100
NWW
'ag
LAJ
VW0
-9 -150
Z
t
WN
-
• a
0
-10
00
r0
c^
Mv
W
0Dt
Z0I
-200—
W
H
z
0
30 1
-40
W Astronucletr
— Uboptogt
r
FIGURE 8-F
TRANSFER FUNCTION: EP-IV, ON AXIS CORE TEMPERATURE
AT STATION 8/NEUTRON POWER
-85-
-30
-10
U
A^gra^udur
Ubor^tory
.10
0
e0
-lo
a
W
-2D Z
KEY
t CROSS-CORRELATION TEST
RESULTS
MAI
00
50
-LW
0.01
taW
VW
W
Z-1
t
WN
0
0.1	 1.0
FREQUENCY -CPS	 611356-33d
Flcuae s-7
TRANSFER FUNCTION: EP-IV, ON AXIS CORE
TEMPFRATl1RF AT STATION 20/NF.l1TRON POW ER
-86-
-10
m0
1
-20 W
Z
0
I
-30
NWW
,aC
VW -0
1
WJ
Q
ZQ
WN9
W Astrouuclear
Laboratory
-0
-LV1r^
0.01 1.0	 2.0
611356-23B
0.1
FREQUENCY - CPS
FIGURF 8-8
TRANSFER FUNCTION: EP-IV, ON AXIS CORE
TEMPERATURE AT STATION 26/NEUTRON POWER
i
-87-
KEY
--♦►- CROSS-CORRELATION TEST
RESULTS
SINUSOIDAL TEST RESULTS
m0
20 W0D
o
Amonuclw
0
-10
to
ct
uj -100
1
W
,JV
Z
d
WN 
-1501
-200
0.02
-50
0.1	 1.0
FREQUENCY - CPS	 611356-27B
FIGURE 8-9
TRANSFER FUNCTION: EP-IV, CORF. MID RADIUS
TDIPERATURF. AT STATION 26/NFUTRON POWER
..
L
-88-
ft.
10
0
0
1
W
H
Z
-20
-30
W
A[
W -10
1
W
,JwVZt
W
N -1
Q`
7
-2
W Astronuclear
— laboratory
0.01	 0..1	 1.0
FREQUENCY - CPS	 611356-256
FIGURE. 8-10
TRANSFFR FUNCTION: EP-IV, ON AXIS CORE
TEMPERATURE AT STATION 32/NEUTRON POIVFR
-89-
i
H 1
^y Atttonucbr
— Woatury
The results a.e quite similar for all but the station 8 temperature. Both
gain and phase of this transfer function fall off more rapidly at the higher
frequencies than for the other temperature transfer functions. The phase
angle of the station 8 temperature continues to drop off at th,: higher
frequencies, whereas the phase angles for the temperavires at stations 20,
26 and 32 show a tendency to level out at the higher frequencies. This
difference between the station 8 temperature response and the others is very
similar to the effect noted in the EP-IIC test.
Comparison of sinusoidal results with the cross-correlation results
was difficult because in many cases the sinusoidal temperature swings exceeded
the channel ranges. The AC coupled core temperature channels were ranged
generally for temperature swings of +30 0 R. An attempt was made to estimate
the peak-to-peak temperature swings from the data which was recorded. This
was done for the transfer functions of figures 8-8 and 8-9 which give station 26
core temperature with respect to power on the core axis and at the core mid
radius respectively. The sinusoidal temperature response data for the first
three frequencies (0.1 cps, 0.16 cps and 0.25 cps) of these transfer functions
were clipped due to channel saturation. The sinusoidal results generally
seemed to be slightly higher than the cross-correlation results. Some of
this disagreement, however, may be due to inaccurate estimates of the peak-
to-peak amplitudes. The calculation of the phase angle from the sinusoidal
data in Figure 8-8 and 8-9, however, did not appear to suffer due to channel
saturation.
The station 32 core axis temperature with respect to power transfer
function shown in Figure 8-10 shows a disagreement between cross-correlation
,.
-90-
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and sinusoidal test results similar to that observed in the station 26 transfer
functions. There was no saturation problem with the station 32 temperature data.
A comparison between the several different power-to-core temperature
transfer function results is shown in Figure 8-11. This shows the marked
deviation in station 8 temperature from the others described above. When
••	 Figure 8-11 is compared with i.s counterpart (Figure 7-11) from the EP-IIC
tests, it is seen that the EP-IIC magnitude curves at the low frequencies
average approximately 8 db higher than the EP-IV magnitude curves at the
same frequencies. Above 0.2 cps the shape of the magnitude curves is similar
but the EP-IV curves still are lower by about 4 db. A comparison of the
phase angle results shows that except for station 8 the EP-IIC transfer
functions exhibit more lag at low frequencies (below 0.2 cps) but less lag
in the higher frequency range (0.7 cps to 1.0 cps). Between 0.2 cps to 0.4 cps
the phase angles are very similar. These gain and phase differences between
low and high power are expected. Although the model results are not shown,
they indicate this same trend. A comparison of the station 8 temperature
phase angles for the two tests shows that there is considerable agreement
between the two curves over most of the frequency range shown. A comparison
of model results with the structural graphite temperature at stations other
than station 26 is not possible since only the station 26 temperature is
computed by the model.
S. Hydrogen Gas Temperatures/Neutron Power
Transfer functions of hydrogen gas temperatL , es with respect to neutron
power are presented in Figures 8-12 through 8-16. Figure 8-12 shows the
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transfer function of core inlet plenum temperature with respect to power.
The coherence function indicates that these results are not as good as most
of the other results shown. The most reliable information exists in the
frequency range of 0.06 cps to 0.5 cps. Within experimental uncertainty,
there is good general agreement between the test results and the model, both
in gain and in phase, above a frequency of 0.1 cps. Below 0.1 cps, there
appears to be some discrepancy in the gain, although data of better precision
are required to be certain of this.
The transfer function of tie rod exit gas temperature with respect
to power is shown in Figure 8-13. On the basis of coherence, the results
are useful only in the frequency range 0.2 cps to 1.0 cps. An exAmination of
the tie rod exit gas temperature time trace showed that a single sharp offset
occurred in this trace during the test, with a subsequent exponential decay
back to a normal level. Figure 8-14 shows this trace. This offset seemed
to have no correlation with any other variable, and as yet has not been
explained. (This transfer function is being recalculated using only the
portion of the data subsequent to the anomaly to see if there is any change
in the gross shape of the resulting curves. In addition, an average tie rod
exit gas temperature trace which was recorded during this test and is free
from anomalies is being processed.)
The corresponding computer model transfer function shows close
agreement in the trend of the magnitude function, as shown in Figure 8-13,
although an overall offset of roughly S db is apparent. The phase angle
results show significant differences, the data having larger phase lags by
-99-
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about SO degrees at the higher frequencies. Clearly a close reexamination of
the tie rod model (and further checks on the data) are called for.
The transfer function of average core exit temperature with respect
to power is shown in Figure 8-1S. The results are of good quality in the
frequency range of 0.03 cps to 0.8 cps. Comparison with an individual core
exit temperature (Figure 8-16), shows fair agreement. When this transfer
function is compared with its lower power counterpart from EP-IIC (Figure 7-14),
it can be seen that there is considerably more phase lag at the lower power
level, and the low frequency gain of the EP-IV transfer function is several db
below that of the EP-IIC transfer function. However, as frequency increases
the EP-IIC transfer function gain drops off more quickly, so that the EP-IV
transfer function has higher gain above 0.1 cps.
The comparison of cross-correlation and sinusoidal test results for
this transfer function at full power is good for both gain and phase. There
is also close agreement between the test results and the model.
6. Core Exit Temperature/Average Control Drum Position
The transfer function of core exit temperature with respect to
control drum position is shown in Figure 8-17. This transfer function is
valuable from a control system design standpoint. Note that there is
excellent agreement between the sinusoidal and cross-correlation results.
The step response results also are in close agreement at the low frequencies.
Model results also agree well with the general test results.
f ^
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7. Transfer Functions of Other Engine System Variables
Experience from the EP-IIC test has shown that engine system pressures
fluctuate in direct response to control drum motion. A test of the usefulness
of these pressure fluctuations in evaluating pressure-to-pressure transfer
function was performed by cross-correlation of data from two independent nozzle
chamber pressure channels. The transfer function results are shown in Figure
8-18. From 0.03 cps to about 0.35 cps, the transfer function magnitude and
phase angle is as expected: essentially zero db gain and zero degrees phase
angle.
The transfer functions of reflector exit plenum pressure and core
exit pressure with respect to control drum position are shown in Figures 8-19
and 8-20 respectively. In the frequency range of 0.03 to 0.3 cps these
transfer functions show a reduction in magnitude with increasing frequency.
This magnitude is characteristic of the transfer functions of core temperatures
with respect to drum position which suggests that the fluctuations in pressure
at low frequencies in the drum perturbation test are related to the changes in
core temperature. The transfer function of core exit pressure with respect to
drum position at frequencies above 0.3 cps is of poor reliability as evidenced
by low coherence. However, the transfer function of reflector exit pressure
with respect to drum position appears to be of reasonably good quality up to
1.5 cps. The high frequency pressure response suggests an influence of drum
motion on pressure which is not related to reactor material temperature,
but rather a direct flow impedance change, as discussed earlier.
Figure 8-20 also gives a comparison of step response test results
with. the cross-correlation test results. There is excellent agreement between
Y
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the results from these two methods, both in gain and phase, up to frequencies
of 0.3 cps. The step response results were obtained from Reference 15. It
should be noted that the step results extend to a frequency considerably lower
than 0.01 cps and appear to be most accurate in the low frequency range,
suggesting the value in future testing of using step and pseudo-random input
signals in tandem. The model results for this transfer function when compared
r
with the test data show good agreement in the magnitude function and fair
agreement in phase.
A comparison of these transfer functions with similar transfer functions
from the EP-IIC test shows that at the lower power level (EP-IIC), the low
frequency results were mu;:h poorer than in the EP-IV tent. Whether this
difference in low frequency results between rated power and low power operation
is due to a difference in response amplitudes or a condition of greater system
nonlinearities at the low power condition, has not yet been determined.
The response of turbopump speed with respect to core exit pressure is
shown in Figure 8-21. This transfer function is of very good quality up to a
frequency of 0.25 cps. Above this frequency, coherence falls off sharply and
a number of discontinuities in magnitude and phase are indicated, including
the shay . drop in magnitude at 0.4 cps. This is the frequency where unreliable
data was indicated in the -ansfer function of the two independent measurements
of core exit pressure (Figure 8-18).
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1X. CONCLUSIONS AND RECOMr1ENDATIONS
1. Based upon the measured coherence function results, the nonlinearities
in the NRX/EST reactor are sufficiently well-behaved to permit the
use of transfer functions to represent the dynamic characteristics
of the system.
2. The transfer function of core material temperature with respect to
power was determined at a number of positions in the core over the
frequency range O.OS to 1.0 cps both at 20 per cent and 100 per cent
power. The results were found to be substantially space-independent.
Some deviation was noted at axial station 8, 'but further study is
required to establish whether this deviation was real. Based upon
the shape of the core material temperature transfer functions as
measured in these tests, additional measurements are required to
cover the frequency range 0.01 cps to 0.1 cps in order to fully
evaluate core thermal models.
3. Control drum motion appears to affect reflector flow impedance
directly, causing pressure fluctuations at frequencies above the
thermal bandwidth of the core. This fact, permits the measurement
of some pressure-to-pressure and feedsystem transfer functions during
drum perturbation tests, although the precision o` these measurements
is not as good as that obtained in TPCV perturbation tests.
4. There are significant changes iiA the gain and phase of a number of the
system transfer functions in going from 20 per cent power to rated
-108-
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power along the normal operating line, because of the gross non-
linearity of the system. Thus, for model evaluation purposes it is
necessary to measure transfer functions at a number of different
points on the operating map. For malfunction studies, it is especially
important in future measurements to include operating points off the
normal operating line.
S. The three methods of crap:; ;-er function measurement (step response,
sinusoidal response, and cross-correlation) yielded results which
agreed very well with each other. To obtain the most amount of
information in the least amount of test time, it is recommended
that future tests be restricted to a combination cf step response
tests for low frequencies, and cross-correlation tests for higher
frequencies, with some overlap in frequency to permit cross-checking
the validity of the results obtained.
6. For successful results in short test times using the cross-correlation
method, the response amplitudes of each variable must be significantly
above the inherent system noise level. The perturbation amplitudes
can be reduced if testing time is extended. Good results can be
obtained with core exit temperature perturbations in the
neighborhood of +1 per cent, power perturbations in the range of
+S per cent and pressure perturbations in the range of +2 per cent.
7. There is satisfactory general agreement between the modified CAM-IIC
model and the test results. However, there are areas of significant
disagreement. These areas are presently under investigation both
-109-
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from the standpoint of confirming the validity of the test results
and assessing the correctness of model.
8. The procedure of making transfer function measurements by perturbing
one of the two engine control variables while keeping the other
variable fixed has given good results. This procedure eliminates
the effects of the external controllers and gives the transfer functions
of the physical plant itself including the coupling effects; i.e.,
response of pressures to drum motion and response of temperatures to
TPCV motion. Furthermore, the plant transfer functions thus obtained
can be analytically combined with any desired control loop compensation
to synthesize the overall engine transfer fu nctions with controls.
It is recommended that the procedure of using TPCV and control drum
position control modes, as utilized in the NRX/EST EP-I1C and EP-IV
transfer function tests, be continued in future engine tests.
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APPENDIX A
PRINCIPLES OF TRANSFER FUNCTION MEASUREMENTS USING SINUSOIDAL AND CROSS-
RRELATION TECHNIQUES
In order to obtain the transfer function or frequency response of a
system, the input signal to the system and the corresponding response or
output signal of the system must be measured. This is true regardless of
the method used to obtain the transfer function (i.e., sinusoidal, step, or
pseudo-random inputs). In each method, also, the frequencies over which the
system transfer function is to be measured must be present and measurable
in both the input and the output signals.
A. Sinusoidal Method
The measurement of system transfer functions by the use of sinusoidal
signals involve!: simply the application of a sinusoidal perturbation signal to
the tes t_ system. If the system is linear, the response signal will also be
sinusoidal and of the same frequency as that of the input. The transfer
function magnitude is calculated from the ratio of the magnitude of the
corresponding input and output sinusoids. The phase angle of the transfer
function is taken from the relative time displacement between corresponding
input and response sinusoids.
The advantages of the sinusoidal method are associated with its direct-
ness; i.e., the data can be directly reduced by hand. Its disadvantages lie
chiefly in the tediousness of the reduction process when a large number of
system variables are involved and in the difficulty of reducing data when
the system being measured deviates significantly from that of a purely
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linear system. In the latter case, the fundamental frequency component must
be extracted from the response signal, using Fourier analysis. This calculation
cannot be done conviently by hand since it requires the integration of the
product to the response signal with a sinusoidal function. In addition, the
only practical measure of the degree of linearity of the system for the
amplitude levels used obtained from sinusoidal testing method is the qualitative
judgment of the person who reduces the data.
B. Cross-Correlation Method
The determination of transfer functions using the cross-correlation method
involves perturbing the system with a signal which contains a band of discret'
frequencies. Generally, it is desirable that each of the frequency components
of this pertus°;'J.ag signal be of approximately equal amplitude. A theoretically
ideal random signal contains all frequencies to an equal amplitude.
The particular signal which has been used to perturb the system for
cross-correlation tests is called a pseudo-random signal because it has
statistical properties which are similar to those of theoretically ideal
random signals, despite the fact that it is deterministic, cyclic, and binary
(exists at only two discrete levels i.e., consists of a sequence of alternate
positive and negative steps). This signal is generated by a feedback shift
register signal generator, as described in detail in Reference 16. The
parameters of this signal and thoir relationship to the frequency content of
the signal are explained in detail in Reference 17. For present purposes,
it suffices to note that this signal contains a specified band of discrete
frequencies with an amplitude spectrum which is substantially flat over the
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frequency range of interest. The width and location of this frequency band is
adjustable by selection of two parameters of the pseudo-random signal.
To outline the principle of transfer function measurements by correlation
techniques, it is necessary to discuss correlation functions and spectral
densities briefly. The cross-correlation function 0 xy (T), can be defined as the
average of the product of two different time-dependent variables, x(t) and y(t),
which have been staggered by a time increment T. This time displacement of
the two variables may be either positive or negative. To eac!i Nralue of T,
there corresponds one point of the cross-correlation function. the auto-
correlation function 
xx 
(T) is a special case of the cross-correlri:ior. function
in which only a variable x(t) is correlated with itsej'f. Thus, 0xx(T) is
calculated by taking the average of the product of the signal multiplied by
itself for various values of time displacement T. It can be shown that for a
linear system the cross-correlation function ^ xy (T) is related to the auto-
correlation function oxx (T) in a way identical to the relationship of an input
s g^.al and an output response signal in the time domain (19 .
These two correlation functions ;nay he transformed to the frequency
domain by means of the Fourier transformation, which resolves the ^ xy (T) and
^xx(T) functions into their frequency (spectral) components. The frequency
domain representation is written as:
^xy (W) _	 [0xy(T)]
•	 and
^xx
(W) 
_	 [Gxx(T)]
-116-
W Aatromelear
— Laboratory
where	 indicates a Fourier transformation. and 0 (w) and 0 (w) are the
xy	 xx
cross spectral density and power spectral density, respectively.
Bec:!use of the input-output relationship of 0 xx (-) and	 xy (T) discussed
E
above it can b^s shiwn (see Reference 19) that the ratio 0xy(`o/Oxx(w) equals
the system transfer function if x(t) is the input and y(t) is the output of
3
t.
the system. This relationship holds true for linear systems, or for those
systems which behave like linear systems when the perturbation amplitude is
smal 1
The advantages of the cross-correlation method of transfer function
measurement are:
1. A wide range of frequencies can he processed in one test, saving
I	 time and permitting a high degree of resolution in the transfer
function results.
2. Signals of somewhat lower amplitude may be used than would be
-,	 generally required by most other methods of transfer function
measurement.
lot	
3. A quantitative estimate of the reliability of the transfer
#	 function results may be calculated through the use of the
^t
.i t coherence function.
4. Linear components of a system may be analyzed despite the
presence of other elements which are nonlinear and which tend
1
	
to distort sine wave shapes.
The major disadvantage of the cross-correlation method is that because
Iof the complexity of the calculations involved, hand reduction of data is
entirely impractical, and for handling data from a large number of channels
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in a given test, off-line processing of tape recorded data with special
computer programs is required. However, such programs have been used
successfully for a number of years in this application with short turn-
around times in data processing.
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3.
	 APPENDIX B
PSEUDO-RANDOM INPUT SIGNAL
A. Theory and Operation of the Pseudo-Random Signal Generator
The pseudo-random signal generator is basically a string or cascade
connection of electronic, solid state storage elements (flip-flops) operating
as a shift register. Binary bits of information, called 1 or 0, are stored
in each storage sta ger and the content of each of these storage stages is moved
one step forward into the next stage every time the shift register is
excited by a clock pulse provided from an external pulse generator. The
output of the signal generator is taken as the instantaneous state of the
first flip-flop.
If an appropriate feedback element from later stage's is provided to
create a 0 or 1 input signal for the first stage, then it is possible to
produce an output signal which will not repeat itself until there have been
2n - 1 shifts or clock pulses of the external pulse generator, where n is
the number of stages of the shift register. Thus, the output signal has a
period of (2n - 1)At seconds where At is the time between successive clock
pulses. Varying At and n gives a wide range of signal frequency characteristics
L	 available from -the pseudo-random signal gen--rator.
T.e pseudo-random signal generator which was installed in Test Cell ';A"
at NRDS for cross-corre:aticn transfer function tests was designed to provide
selectable values of n, from 2 to 16. The clock pulse generator is capable of
providing values of At from 100 seconds to 10 - 5 seconds.
)i
	
A more detailed explanation of the theory and operation of the pseudo-
M +"
	 random signal generator is given in Reference 16.
w♦ 	
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B. Pseudo-Random Signal Characteristics
The pseudo-random signal which is used to perturb the system during a
test consists essentially of a series of alternately positive and negative
step functions. The random properties of the signal are associated with the
length of time between successive positive and negative steps. This time can
only be an integral multiple (from 1 to n) of thf- time between successive
clock pulses, At. Therefore, the maximum width of a single pulse is n x At
where n is the number of stages in the shift register.
The time required before the signal repeats itself is N x At ;where N,
the number of bits per sequence, is equal to 2 n - 1). 'Thus, the time interval
L = N x At is the period of the lowest frequency component or fundamental
frequency of the pseudo-random signal. A plot of the Fourier components for a
typical pseudo-random signal, one with N = 127 bits per cycle, is shown in
Figure B-1. The fundamental frequency component or first harmonic has the
largest amplitude (equal to 0.17924 for a pseudo-random signal with an
amplitude of +1). The amplitude drops by 3 db to a value of 0.707 times the
fundamental amplitude at a frequency approximately 44% of the c.'ock frequency.
Figure B-2 compares the envelope of the amplitude of the Fourier components
with the power spectral density, both normalized to unity at the fundamental
frequency and plotted against the ratio of frequency to clock frequency (f/fc).
It is seen that the half power point (PSD = 0.5) occurs at (f/f c ) equal to 0.44.
However, f/fc = 0.5 is sometimes taken as the highest useful frequency in the
pseudo-random signal. At this frequency, the PSD equals approximately 0.41 of'
the PSD at the fundamental frequency.
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FIGURE R-1
FOURIFR AMPLITUDE SPECTRUM FOR A PSF000-RANDOM
SIGNAL WITH 127 ►SITS PFR CYCLE
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FIGURE B-2
COMPS\BISON OF THE ENVELOPE OF TGIF AMPLITUDE SPF.CTRlR1
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In the case of the NRX/ EST cross-correlation, drum perturbation tests, the
clack frequency was set at 3.125 cps, giving an upper limit to the useful
frequency content of 1.56 cps. The fundamental freq,-ency of the input signal
was f i = f 
N = 225
3 ' 125 = 0.0123 cps. Thus, the frequency range between 0.0123
and 1.56 cps was considered to be the range of that input signal. There were,
of course, frequency components higher than 1.S6 cps. However, in most cases
their amplitudes were considered to be too low for useful »aeu-urements.
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